Phosphoric Acid Fuel Cell Technology Status by Prokopius, P. R. et al.
  
 
 
N O T I C E 
 
THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 
INFORMATION AS POSSIBLE 
https://ntrs.nasa.gov/search.jsp?R=19820011796 2020-03-21T10:32:29+00:00Z
DOE/NASAl17088-3 
NASA TM-8279'1 
Phosphoric Acid Fuel Cell 
Technology Status 
'''AS.-Tft-~~1(1) (lUOS(lHO!tIC AC.LD fUEl. CU,!. N84.-19010 
TiCHelOl.OGY S'l'ATUS (lUSA) 20 P tiC A021ftf AI.I1 
Stephen N. Simons, Robert B. King, 
and Paul R. Prokoplus 
CSCL 1JA 
National Aeronautics and Space Administration 
Lewis Research Center 
Work performed for 
U.S. DEPARTMENT OF ENERGY 
FOlall Energy 
Office of Coal Utilization 
Prepared for 
Fuel Cells: Technology Status and Applications 
sponsored by the Institute of Gas Technology 
Chicago, Illinois, November 16-18, 1981 
Unclcl~ 
"j/ijij 0 ~.aij 
Pholphorlc Acid Fuel Cen 
Technology StatuI 
Stephen N. Simons, Robert B. King, 
and Paul R. Prokoplus 
DOE/NASAl17088-3 
NASA TM-82791 
Na tlonal Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 
Work performed for 
U.S. DEPARTMENT OF ENERGY 
Fossil Energy 
Office of Coal Utilization 
Washington, D.C. 20545 
Under Interagency Agreement DE-AI01-80ET17088 
Fuel Cells: Technology Status and Applications 
sponsored by the Institute of Gas Technology 
Chicago, Illinois, November 16-18, 1981 
PHu .. iHoaiC ACID FUlL CELL "ICHNOLOCY S'l'ATUS 
by tttephen NI Siaonl, Robert bl kina, 
a"d Paul al Prokopiul 
Nat ional Aeronaut ice and Space A.iniltret ion 
Lewil Rel.arch Center 
Cleveland, Ohio 441J~ 
BACkGROUND 
In itl mOlt balic form a fuel cell il a Itatic electrochemical device 
that co~v.rt. continuoully fed tuel and oxidant to water, heat, and ao.t 
importantly DC electric power. A fuel cell, like a battery, iI coapo.ed of 
two electrodes (an a"orie and I cathode) where the reaction. take place .epa-
rated by • re.ervoir of elect~olyte that aiiowl ion. to flow between the two 
electrodea. "he ch'r.'uit iI campleted by connect ina an .external load acroll 
the two electrodee. What dilleuntiatel II tuel cell trOlll a baUery iI that 
in a fuel cell the reactant. are continuou.ly ted to the electrode. who.e 
tunction i. to provide a .urface upon which the reaction. occur. In a bat-
tery the electrode. are chemically chanaed a. the reaction. occur and aUlt 
be re.tored (a .econoary battery) or are simply uled up (a primary battery). 
The variou. ~"nn" ot fuel cell. are di.tinguilhea by their electrolyte, 
•• ahown in Fia. I, which plots cell voltaae, M me.aure ot el~iciency, 
again.t cell operatina temperature for all fuel cell typel thar are prelent-
1y under aeve10pment for commercial application.. A perfectly ,'Uici~nt 
cell it .hown for comparilon. Even though pho'phoric acid celh have the 
10we.t efficiency of the fuel cell typet .hown, they are the .ubjftct of much 
of the current development work. 1hil can be explained by their ktayinn ,he 
be.t combination of proven cell lite, tolerance to impurities in the tud 
and oxidant, low co.t, and proven manu(acturabi1ity. 
On a national balil several public and quali-public agencie •• up~ort 
three potential tuel cell manuf.cturen {or multikilowatt and n\u1time,c1W4U 
Iy.tem., and .evera1 .maller corporationl lor ba.ic re.eareh. ~lultikHowatt 
.y.tem. (particularly on-.ite integrated energy IYlteml that u.e both th~ 
electricity and wa.te heat t,'''m the luel cell) are appropriate lor re.iden-
tia1, commercial and small indu.trial appliCAtion.. Currently United Tech-
"ologie. Corporation (UTC) ano Engel~.rd Indultriea are developing the.e 
ay.tem.. Mult.imegawatt .Yltem. are a~~ropriate tor electric utility and 
indu.trial cogeneration. ~e.tinghou~e Electric Corporation ana UTe are 
currently developing .y.tema for thele application •• 
In thi. paper a review 01 the atatu. ot the major phoaphoric acid tuel 
cell development etiort. i. p\'eaented. In both the electric utility and 
on-.ite application. reducing coat ana increa.ing reliability are the tech-
no10ay driver. at thil time. The lonl.tanding b~rrier to the attainment of 
the.e loal., which manife.t. itlelt in a number ot way., ia materiala. The 
ditterencel in approach amona the three major participant. and their unique 
technoloaical teature., including electroael, matrice., intercell coolina, 
bipolar/leparator platel, electrolyte manalement, tuel .election ana 'Yltem 
deliln philo.ophy are diacu.aea tor each manufacturer and ay.tem. 
U1'C ON- ti 1 TI SY S1'IUt 
In the late 1960'. a ,roup ot ,a. utiliti •• bee ... int.re.ted in the 
developaent of a fuel cell power plant for re.idential and c~ercial appli-
cation •• They to~.d the T.a. to Advanc. G •• In.rlY Tr.n.tor..tion (TARGE1) 
which, tOI.ther with U1'C, developed a natur.l I •• -fueled 12.~ k~ power 
pl.nt. Th ... power pl.nt. were H.ld t .. t.d .t 3~ "tel in the U.S. and 
.bro.d, and .ccu.ulated a toUI ot 20~,OOO houn. In addition to advancina 
fuel cell technololY the 1'ARGB1' prolr •• inv .. til.ted the .arket opportuni-
ti ••• nd requir .. ent., the lelel .nd r.,ul.tory i .. uea, and the requireaent. 
th.a. plac.d on the tu.l c.ll pow.r plant. 
By the .arly 1970'. the TARGIT experience indicated that 'OCbtt deailn 
chanl.' .'.ld technololY .dvance. were required. A .... iv. c~erciel intro-
duction WAi a .. u.edi thia re.ult.d in .pecityinl a 40 kW po",er plant a. the 
Hnt in • catalolue con.ietina ot ... ny .b .. 01 power plant.. 1t wa. de-
.ianed to u.e the! whole r.nle ot pipeline quality aa" inclUding propane/air 
peak .h.ve and hiah .ultur aa., .nd to produc. lrid qu.lity po",er in a 
.tand-.lone, load 101 10'" ina mode. lhia r.pre.ent. the curre"t .tate-ot-the'· 
art .t Ul'C tor unpreuurhcd powtn' plant' and i. the unit to be uled in the 
40 k~ field te.t. 
A ,implitied .chernatic 01 the 40 k\oJ power plant i. ,hown in Fig. 'J. 
Pipeli". aa •• nter. the power plant .nd tiut aoe. to the luel dean-up ')'N-
t. where oxygen, lullur, a"d h.lolen. are removed and un.atur.ted hydro-
carbon. are broken down. Steam is then added to the cleaned luel ana it i. 
reacted in a reformer to lonn a hydroaen, carbon dioxide and carbon 1I0noxiac 
rich .tream. Thi •• tream ia .ent to a .tull converter to react the cAl'bon 
monoxide and .team to turther increale the hydroaen yield. Thi, hydroaen-
rich Itnam i. IC!nt to the anode, where mo.t ~normally dOl) ot the hydroaen 
it conlumed. l'he re.t ia .ent back to the reformer, where it i. burned to 
proviee he.t to the (mdothemic retorming reaction. Ail' i. ducted LO the 
rclormer burnel' ana to the fuel cell c.thode. At the cathode, oxygen i, 
cO"lumed a"d the produe t water h produced. lhe water-rich cathode elthau.t 
.tream and the r .. tonner burner exhau.t, which allo cont.in. water vapor, ate 
ccmbin.d and p •••• d through ... erie. ot conden.~ra. 1'he ",ater rf'covered in 
th~ conden.er. i. u •• d a. m.keup tor the coolant .yatem.. lhe tuel c~ll 
atack i. cooled by a circulating water ay.tem. ~ .. ter "ear th~ boilina point 
entera and il partially vaporiaed aa it pa.le. throuah the .tack. Ste.m i. 
taken ott in • leparator a"d uaed in the tefonner. Make-up water came. trom 
the conden.er, 10 the power pl.nt il water .ell-Iufticient. 
Cell Stack 
The heart ot any (ue 1 cell power plant i. the atack ot indLvioual ce 11, 
that produce DC power. It i. alao where one of the majol" tectmology im-
provement. occurred for the 40 k\oJ powel plant. The advanced cell .tructure 
concepl, commonly caUed the intearal ribbed lub.trate. it Ul'C'. approach to 
lower inK c~ll atack :o.t ana, Iu.ultaneoully, increaling electrolyte .tor.ae 
capacity over their older campr ... ion molded conli,uration. the ribbed lub-
atrate, Ihown in Fig. J, conlilt. ol a poroul Iroovea (ribbed) mlterial that 
il compo.ed ot araphite tiber. and a binder. It i. poroul to allow tor a.1 
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diffulion 'ro. tha ,roova, which clrrial tha bulk r.lct.nt tlow, to tha 
unribbad .ide whar. tha alactroda il loc.tad. Tha pora •• re al.o u.ad to 
.torl .ufficiant alactrolyte for tha tual c.ll oparltin, lita. Tha .tapi in 
•• nutlcturin, .nd ..... blin •• fual call .tack .ra II tollowl: 
(l) ,'h •• ub.trata 11 continuouely fO .... d Ir .... ixture 01 araphiu tibeu 
Ind re.in binder. Ixtr. fiber •• nd re.in .re d.po.itad It the ad.a. to 
fol'll • dania .a.l lrea. Th •• ub.trate ie c .. pr .... d .nd haltad luUi-
ciantly to .at the ra.in, than individu.l .ub.trlta •• r. cut otf the 
.haet. 
(2) Tha .ub.tr.ta i. haat-tra.tad in In in.rt atao'phare to daco.po.a tha 
re.in, thu. a.kin. the .ub.trat. lIore corro.ion r •• i.t.nt Ind porou •• 
(3) Th •• lectrocatlly.t and electrolyte .Itrix ar. Ippli.d to ona f.ca of 
the .ub.trlte in .ucce •• iv. operltionl. 
(4) The groove. Ir. cut in the lubltr.te on the .ide oppo.ite the el.ctrod. 
Ind m.trix. Thit compl.t., the mlnutacture ot a halt cell, either .node 
or clthode. 
(S) A lina1. cell il made by .tackina two half celli toaether with .Itrix 
,id •• f.cina and ribl p.rpendicular. Th. ribl are perp.ndicu1.r 10 th.t 
the fuel and air can b. in cro •• flow. A fuel cell .tack i •• ade by 
.tackin. linll. cell. with a aa. imperm.lbl. '.parltor betw •• n each 
ainlle cell. 
Current R&D acthiti .. in the stIck area are to lind low'!r co.t Illte-
ria11. dev.10p a manufacturina procel' that continuou.1y moldl the aroova. 
in the unhe.t-treated lubltrate (thul eliminate Itep 4 Ibove). Ind develop I 
du.l porolity .ub.trate that will holu more electrolyte without increllina 
a" diftu.ion reli.tance. 
St.ck Coolin, 
A fuel c.ll .tack mu.t be cooled to remove the exce •• helt ot relet ion. 
UTe ule. two phl.e w.ter I. the coolant Ind .mploYI intere.ll coolerl placed 
between .ach I.t of five celli in th~ .tlck. A cooler con.l.t. ot an Irray 
of thin wall copper tub ina illlbeddeo in a contormina ho1a.· which il limillr 
in compo.ition to the ribb.d .ub.trlte. The copper tube. ,u~t b. cOlted 
with I thin protective film of PFA (I 1ef10n-type material) to prevent 
corrolion from the pho.phoric acid that miarate. into the coolar. 
Two-ph"'l wlter it I good choicc for a coolina meaium tor leveral rea-
.on.. The ' .. perature profile acro.1 the Itack i. very uniform .ince the 
coolinl i. proviaea by con.tant temperature vapori.at ion of the coolant, 
r.th.~ th.n by a temperature incre ••• ot the coolant. Since both fuel cell 
performance and all life-limit ina proce •• el are directly proportional to 
temperlture, a flat temperature profile will aiva the b •• t comprOllila 
b.tween hiahe.t performanc~ and lonl.lt life. Th. oth.r advantaae of two-
ph •• e water il that the It.a. can be u.eo directly to raile the prel.ure ot 
the fuel (via In injector) Ind then al • reactant in the .team retormer. 
Oth.r coolina .ch .... require a .eparate .teall boiler. 
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The chief di.advanta.e of thi. type of interce11 cooler il itl relative-
ly hiah .anufactured co.t. Thi. i. coapounded by the ne.d for additional 
cooler. to provide the extra h.at tran.t.r are. n.eded b.cau.e of the low 
conductivity of the PFA coat in.. The prob.bility of cooler failure due to a 
breech of the PFA film and .ub.equent corro.ion of the copp.r ha. not y.t 
been e.t.bli.hed. Con.iderable te.t ti.e ha. be.n accumulated on two 
partial .tack. (24 cell.) and a full .t.ck (270 cell.) with only one tube 
failure. Thi. failure wa. traced to .echanical d ••••• to the PFA co.tina. 
A. a re.ult of the lailure the coat ina thickn.~. hM. been increa.ed and 
procedur •• have be.n e.tabli.hed to avoid handlina damage. 
Future cooler R'D will concentrate on i.proving the integrity 01 the PFA 
coat in. or preterably .liminatina the PFA entirely by either totally en-
cap.ulatina the cooler to keep acid away lrom the copper or linding an 
acceptable coat ina with better heat tran.fer than PFA. 
40 kw Field Teat Power Plant 
l'he UTe OS/IES 40 kW Iyatem haa a number at unique characteritltic~. 
It ia deaigned to handle not only natural gss but also peak-shaved ga.es 
which contain typically oxyaen, prop8~e and propylene. the power plant i. 
deaianed to deliver electr:ca1 power and hot w.ter aa the heat recovery 
fluid. Utilization of the heat ia to be the relponsibiJity 01 the user. 
The Field Teat will be carried out in two atases to permit lncorpora-
tion of technology advancea (generated by parallel technology d~velopment 
effort.) into the pOWEr p1anta being te.ted. However, there will be ~~ 
break (ot greater than a few month8) in the manufacturing eflort 8S a reault 
of this ataging 
Prior to each Field Teat .tage, the plan cal ~I for final .election. of 
the teChnology to be incorporated 8S well as the necessary power plant 
deaign modification to incorporate the changes. For the Stage 1 Field Test 
the technology expected to be ready includes the technology currently under 
deve lopment under the extens ion to the Preprototype E&D work. [o'or the Stage 
11 Field Test, additional technology stellvning trom the planned Technology 
Development work is expect.ed to be ready for incorporation. 
A aubstantial number of power plantl il to be tested in ~uch stage of 
the Field Teat by a large group at g88 utilitiea, cOlllbined ut;Utiea, and a 
few electric utilitiea. The preciae number in each stage will be aetermined 
aa aoon aa budget and other couliderations are settled. 
The power plants will be inatalled over a range of attractive early 
entry applicationa and geographical areas to acquire data covering represen-
tative variations in electrical and thermal load use patterna, energy system 
coniigurationl, climate, competitive service economics, and institutional, 
legal and regulatory mattera. The installations are to include a variety of 
multi-unit relldential, commercial, and light induatrial applications. The 
operating goal for each of the power planta is a minimum of 8000 hours. 
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UTC IUC1'IIC U1'ILITY 'IOGIWI 
Thil pro.r .. h a continuatiol! of the fuel Cell Ilectric Utility '1'0,1'_ 
initiated in 1971 by 1111, a Iroup of nine electric utilitie. (the reG-l 
.roup), and U1'C to develop fuel cell power plent. for tene.trial power 
I.ner.tion. Two .. jor .ile.tone. have been achieved thu. tar: (1) a 1 MW 
"breadboard" power plant confiluution w •• t .. ted at UTC in 1977, .nd 
(2) a 4.8 MW "preprototype" power plant h ... been fabric.ted and in.talled 
for Held te.t at a Con.oUd.ted !dieon: Hew York City liu. The loal of 
the pr •• ent prolr .. i. to .dvanc. the pvwer pl.nt technololY to the "proto-
type" level of d.velo,..nt. Th. pl.n to .ccoapli.h thi. i. coapri.ed of 
thre. el ... nt.: (1) Prototype Pow.r Plant T.chnololY Dev.lo,..nt and 
Verific.tion, (2) Prototype Power Plant Inlin.erinl .nd De.iln, and 
(3) Initial Co.aercial Market Develo ... nt. The co.t of the 1'.chnololY 
Develo,..nt and Verification, and the Inlin.erinl and De.iln portion. of the 
prolr •• will b. borne by the .ov.raa.nt, IPII and UTC while the d.v.lo,..nt 
01 the Initial Ca..reid Muket will be the re.ponlibility of UTC and the 
ultim.te u.er., the .l.ctric utiliti ••• 
Th. plan i. to build upon the current UTC 4.8 ~~ utility power pl~nt 
technololY which i •• imilar to th.t u.ed in the on-.it. prolra. but op.rated 
.t 50 p.i tor Ire.ter efficiency .nd evolve. d •• iln which h •• the effi-
ci.ncy .nd .anuf.cturinl co.t char.cteri.tic. need.d to .tt.in prototype 
development .Utu.. Theae include .n 8300 BTU/k"h he.t r.te. 10 .tt.in 
th •• e loal. technololY development will be required on .ever.l ot the power 
plant lub.yateml, however, the pacina technololY development will be that 
don. on the cell .nd .t.ck. The m.in •• pect. of thi. work will involve 
incr ••• ina the operatina pre •• ur •• nd t .. per.ture from the 4.8 ~W level of 
~O p.i and 375- , to 1~0 p.i., 405- F .nd to incr •••• the c.ll planar '1'" 
from the 4.8 ~~ .i&e of 3.7 ft 2 to 10 ft 2 , while keepinl the 40,000 h 
life RO.l intact. 
The pl.n philo.ophy with r •• pect ~o fuel i. th.t the power plant mu.t be 
de.ilned to oper.te on .v.il.ble fuel. which, in the ne.r term, will con-
tinue to be n.phth •• nd natur.l III. In .ddition: how.v.r, the power plant 
au.t h.ve the c.p.bility to h.ndle the .impler co.l-derived luel. (CDF.) 
.uch •• m.dium BTU la •• 
In the TechnololY Development .nd Verification Te.tinl ph •• e ot the 
prolr •• , evolution.ry dev.lopm.nt i. well underway on the ba.ic intllral 
ribb.d .ub.tute cell, the objective beinl to improve cell p ... to .... nc •• nd 
endur.nc. at 120 p.i., 405- F. Thi •• ctivity ha',b.en focu.ed on m.teri.l. 
work .nd cell coaponent technololY for the 3.7 ft 2 cell .i&. followed by 
verific.tion t •• tina in 20-cell, .hort .tack •• 
At 120 pai., 405- F, .nd 232 ASF, 2" It 2" .ub.cale celh h.ve achieved 
.n initi.l p.rformance inc~e •• e ot up to 100 mV compared to older type cell. 
oper.tinl at 50 p.ia, 375- F, .nd 232 ASF. However, a. expected, the hilher 
teaper.ture •• nd, to a le •• er extent, pre •• ure. al.o c.u •• an .cceleration 
in the decay r.t... In the UTC power plant .y.tem, increa.ina pre •• ure 
without increa.inl te.per.ture i. not po •• ible bee.u.e of the inter-
dep.ndence of cell coolant .nd reformer condition.. Prolre •• h •• been m.Je 
• 
at uducina the .harp cell p.rfor •• nc. decay rat. occurrina durina hi,h 
t_p.rature and prellure op.ration. l'he initial. upid rate at ducay h .. 
b •• n reduced fra. 60 .Y per 1000 hour. to appro_i.at.ly 12 .Y per 1000 
hOUri. which h the 4.8 MW decay rate at SO paia (ltte ria. 4). lhe develop-
.ent a •• ociated with .aintainina thi. low aecay rate tor very lon, ti.e. i. 
now in proc.... Thi, .tlort i. in the .ta.e at which the ba.ie hilh t_-
p.rature and pre.aure technololY haa been e.tabliahed and ia in the proce •• 
of beina fine-tuned to provide the required endurance. Some prolre.a toward 
thi. aoal ha. been achieved. 
Recently. 2" _ 2" .ub.cale c611l have been .ucceulully teated at 
120 p.ia and 40S· F tor period. at up to ~OOO hour. at performance level. 
125 .Y hi,her than the pertonaance projected tor the 4.8 MW. ~o p. i and 
37S· F power plant. Al.o. 20-cell. 3.7 tt2 .tack teat. have att.ined 
the.e .a.e hiah performance level. tor period. up to 1500 hour.. 80th the 
2" _ 2" cell. and the 20-ce11 .tack. have matched the 4.8 h"" ,u!rlormance 
decay projection ot 12 mY/lOOO houra over the period. teated. 
The higher prelllure/temperature performance capabllitietl that will be 
achieved in .ubacale 3.7 aq tt cell' mu.t be .caled up to 10 sq tt to 
achieve th~ co.t redlction ben~tit. of large area cella. 10 accol1ll,li.h 
thh. low co.t tabric:at ion de,.,elopment will be conducted on large arca cell 
componenta in conjunction with the traditional materials work/ct"U tech-
nology devulopment/verification te.ting addre •• ed to the large 4r.a 
can figurat ion. 
Several other power plant .ub.y.tem. will require development to evolve 
viable de.ignl for the ancillary sy.tems of a high pre.sure and temperature 
fuel cell. l'he .ub.y.tema requiring development are the thenlal control 
heat exchanger •• 8upervi.ory control IYltem. and the luel proce.aing 'YI-
tem. In the thermal control .y.tem, "contact cooling" will be developed to 
replace the cost 1, lormed plate condentien of the 4.8 liW power plant. The 
.uperviaory control system require. redeaign and reoptimization tor the new 
power plant operating conditions and the steam retormer of the fuel pro-
ce •• or sYltem must be recontigured into an 11 MW unit. 
The Technology Deve lopment and Veri ticat ion port ion at the program will 
culminate with the complete veriticution ot all the power plant components 
on the basis 01 lite. pertormance ano coot. in the same time trame the 
Engineering and Design effort. which waa initiated in parallel with the 
Technology Development pha ... wi 11 h~ve evolved a prel iminary power plant 
apecification and preliminary dealgn. ~ith this plus the relults of the 
Technology Development effort. the pow,'r plant deaign and specification. can 
be finalized. and the 'Jllera and Ul'C can Undel"take the Market Development 
portion ot the program. 
In the liarket Development pha.e. activitie. will be conducteo which are 
needed prior to making the first oitering and the delivery at the tir.t 
limitp.d production power planta. The activitie. conducted by the manufac-
turer and utilitiea include preparation of accurate proouction coat e.ti-
mates. assessment of the market for the initial tuel cell •• preparation at 
the manufacturing tacilitie •• and determination at pricing policies. 
6 
WISTUIGHOU81/1RC ILlC1'liC UT 11.1'1" .lOCUM 
Th. W •• tin.hou ••• l.ctric utility pro.r ••• volv.d fro. • joint 
W •• tin.hou •• /ln.r.y a •••• rch Corpor.tion (Ike) pro.r .. to d.v.lop on-.it. 
power plant.. In thi. pro.r •• IRC d.v.lop.d the b •• ic el.ctroch .. ic.l co.-
ponent •• nd did the ba.ic r •••• rch required to de.i.n •• te •• reforaer for 
n.tur.l •••• W •• tinlhou.e provided enlin.erinl and de.iln tor the total 
en.r.y .y.t ... nd w •• to hay. provid.d the •• nuf.cturinl cap.bility. the 
on-.ite pro.r .. h.d to b. dropped by DOl due ~o fundin. con.traint., but .11 
of IMC'. t.chnolo.y .nd .uch of We.tin.hou.e'. pr.liain.ry d •• i.n work h •• 
b •• n u •• d •• the b •• i. lor the electric utility pow.r plant. 
Stack Cool in, 
Prob.bly the mo.t illport.nt innov.Hon ot the IRC technolo.y pro.r .. h 
the la. coolinl .ethod. One of the.e, the DIGA& method di.tribute. proce •• 
air to b~th the cathode. (vi. bipolar plate.) and to .peci.l coolinl 
plate.. The totl.l •• ount ot air that i. required for re.ction plu. that 
required for coolinl i •• upplied to the air inlet .anifold. The .ir then 
flow. throulh lhe cell via both the c.thode flow (cathodic) channel. o( the 
bipol.r pl.te Ind the channel. of a .pecia1 coolinl plate. All of the .ir 
i. collected in a cOlimon exit manito1d and flow. to an external loop where 
heat i. removed, .o.e of the oXYlen depleted air i. purled, and fre.h air i • 
• dded .uch that .teady opeyation i. maintainea. 
Since the rathodic channel. of the bipolar plate. and the coolinl plate 
channel. are parallel path. for air, the flow .plit i. determined by the 
relative cro •• -.ectional area, that i., relative re.i.tance, uf the cathode 
.nG coolinl ch8nnel.. A typical de.iln i. a 10:1 .plit with three tia •• the 
.toichiOlietrically required amount (3 .toich.) of cathode .ir loinl to the 
cell. and 30 .toich. of air loin& to the coolin& plate •• 
Table I di.play. IRC'. campari.on of DIGAS and .epar.te aa. coolinl to 
the two other commonly accepted coolinS methoa., proce •• I" coolina .nd 
liquid coolin&, performed under contract to DOE. The e.timate. are ba.ed on 
.elected confi&uration. of the three coolin& methoo.. No effort wa •• ade to 
optimize .ny of them, however, all .y.tem. are rea.onable and are con.i.tent 
for campari.on purpo.e.. For any .y.tem cho.en by a particular manuf.c-
turer, .o.e optimizltion ot the value. pre.ented in Table I may be ex-
p.cted Blch of the .y.tem'. feature. will now be di.cu •• ed. 
Con.truction Simplicity 
DIGAS coolin& i. relatively .imple. Dependins on .tack operatina condi-
tion., at resular interval. a coolir~ plate i. added to the .tlck of cell. 
in the .a.e manner ••• bipollr plate i •• tacked. No .peeial .anifoldina, 
connection. or leal. Ire required. 
Proce •• aa. coolina i. th •• imple.t of all. There are no 'pecial cool-
ina plate. or .tackina procedure. neeJed. Several time. the .toichiometric 
requirement of cool air i •• upplied to the .tlck. All the air tlow. throuah 
the cathodic channel. of the bipollr plate. Upon exitins tl,~ .tlck, the IiI' 
cln be vented or recycled a. in the DIGAS method. 
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a_parat •••• coolin. (.e. ri •• S), the .lternate to D1GAI, k.ep. the 
c.thodie r.act.nt air .eparate fro. the coolina .y.t .. aa. (.ir, heliua, 
etc.). Thi. i.prove. e14ctric.l perfo~nce due to hi.her 02 concentr.-
tion ot the c.thode a. w.ll •• r.ducina the need for .cid re.i.tant heat 
e.ch.naer. in the coolina .tr.... Separate aa. coolina u.ina air ha. been 
.elected for the We.tin.hou •• proar .... 
Liquid coolina i. by f.r the .o.t co.ple •• nd e.pen.ive. It involve. 
p ••• in •• liquid cool.nt throu.h .p.ci.l coolin. pl.t •• in.ert.a at reaul.r 
interv.l. in the .tack. The coolant .ay r ... in in the liquid pha.e at all 
tiae. u.ina only it •• en.ible he.t to cool the .t.ck, or the coolant .. y 
parti.lly vapori.e, putt in. pr ••• ure on the .y.t .. , u.ina l.t.nt he.t for 
p.rt of the coolina lo.d. Th. cool.nt .u.t b. either .eparately .anifolded, 
or .upply line. mu.t be conn,ct.d to each individual coolina pl.te. 
St.nd.rd heat tr.n.ter •• t*'l.l ••• uch •• copper or .lu.inua, .r. c~rroded 
by pho.phoric .cid, .nd .u.t b. protect.d if they ere to be u.ed. St.nd.rd, 
inexpen.ive luel c.ll a.teri.l •• ueh •• ar.phite or ar.phit./re.in co.-
po.ite. pre •• nt difficulti •• in .e.lina and •• kina connection.. rin.lly, 
the liquid itaelf .nd cool.nt lin •• , if electric.lly conductiv~, provide • 
pO.lible .hortina path in the cell (.hunt current. re.ult in p.r •• itic 
101Iel). In the UTe two-ph.le w.ter coolina method, w.ter tre.t.ent to 
reduce .l.ctric.l conductivity il r.quired. 
Electrolyte LOll 
Sinc@ the vapor prellure of pholphoric acid (hence el.ctrolyte 10 •• ) i. 
a we.k function of t .. per.ture, the m.in con.ideration here i. the amount ot 
aa. flow ina p.lt the electrode. to c.rry ott el.ctr~lyte. In both aa. and 
liquid eoolina methodl, a Im.ll exc'l. of r.act.nt. 1low p •• t the elec-
trode., while in • procell ,.1 cooled .tack .11 the coolina .ir mu.t pa •• 
the electrodel. Procel' ,al coolin, hal the hi,he.t electrolyte 101. which 
tr'nllatel into the Ihortelt life or the Ihorteat tUne between el.ctrolyte 
repleni.hment. No contractor. plan to u.e proce •• , •• coolin,. 
Reliabilitx 
For aaa coolin&, reli.bility i. hi,h aince there il no .peci.l coolin, 
fluid and no complex manifoldin, or connection.. hOlt .ir le.ka probably 
can be ianored. A le.k in a liquid coolina Iyatem could cau.e • ahutdown to 
.llow for repair or repl.cement of the delective coolina pl.te. In .ddi-
tion. the 8as pre.aure i. low comp.reo to the two-ph •• e liquid IYltem uled 
by UTe. 
External He.t Exch.nae 
Heat re~overy i. by f.r belt with. liquid or two-ph •• e liquid coolina 
IYltem. Syatems studies h.ve indicated th.t .Iti.f.ctory he.t recovery i. 
att.inable with either ot the recircul.tina .ir coolina .y.tem •• 
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Co.t Coapat!!2! 
Thi. i ... n •• ti .. t. ba •• d on .. t.rial. u •• d and con.truction co.-
pl.aity. It r.fl.ct. the .. t.rial. and con.truction probl ... of liquid 
coolin,. 
!!!al Diff.r.ntial T .. p.rature 
Thi. concern. t .. per.ture ,r.dient •• cru ••• fuel cell .teck. lhe tot.l 
t .. p.rature diff.renti.l,6t, betw.en any two point. in the .tack contain. 
two compon.nt., a 6T in the .tack dir.ction (p.rp.ndicular to both r.actant 
tlow.) and a 6T in the cool.nt flow direction (parall.l to on. r.actant 
flow). It i. i.port.nt to •• intain the .t.ck t .. peratur. within a fairly 
nerrow band. It the t .. p.ratur. drop. too low, CO poi.onin, of the anOde 
cataly.t b.come. a probl .. , and, if the t .. peratur. i& too hi,h, the 
operetin, It-it of the .tack .. terial. i. e,ee.ded. A ca..only accepted 
operatin, ran,_ i. beLwe.n 3S0· and 400· F. Sine. ev.ry cell i. cool.d 
.qually in the proc ••• ,a •• ethod, there i. no .tackin, oiraction compon.nt 
of the total 6T. Al.o, .ince the coolant dir.ctly contact. ev.ry c.ll ana 
it. t .. peratur. and flow r.te cannot b. ind.p.nd.ntly controll.d, the inl.t 
area i. cool.d .or. than in oth.r •• thod.. Thi. account. for the l.r,. AT 
in the flow direction. ror both the , ••• nd liquid coolin, •• thod •• the 
.... nuab.r of cell. betw •• n coolin, plat •• i. a •• uaad. Thi ••• t. the 
.t.ckin, dir.ction 6T .t l~· r for both .y.t~... Th. ditf.renc. in tlow 
dir.ction 6T r •• ult. fro. the dilf.rence. in liquid and ,a. h.at tran.'.r 
char.ct.ri.tic •• 
Tot.l Auailiary P~ 
Th ••• requir ... nt •• r ••• inly • function of the •• ount ot cool.nt cir-
cul.t.d .nd the cro •• - •• ction.l .re. of the cool.nt p •••• ,... A •• ap.ct.d, 
the pow.r r.quir ... nt. tor pu.pina • liquid cool.nt i. quit •••• 11. Sinc • 
• 11 the coolina .ir flow. throu,h the c.thodic ch.nn.l. of the bipolar 
pl.t., the pow.r r.quir ... nt i. quit. l.r,. for the proc ••• ,a ••• thod. 
Pr ••• ur. Dr~p Acr~ •• C.ll 
thi. i. a function of the .ir flow throuah the cathodic chann.l. of the 
bipolar pl.t.. Th ••••••• ount of cathod. air i. r.quir.d for both a" ana 
liquid coolina, h.nc. the •••• pr ••• ur. ,\ro~. The hiah pre •• ur. drop lor 
proc ••• ,a. coolin8 reflect. the hiah .:\ flow rat. r.quir.d to .ati.ty both 
the cathode fuel c.ll r.action and tte n.c •••• ry cool ina. 
aa •• d on the above con.ideration., ERC ha. conclud.d that the aa. cool-
ina conc.pt o(f.r. the be.t compromi.e b.tween reli.bility, life-cycle co.t, 
and he.t recov.ry. 
Pow.r requirem.nt. for DIGAS .re Ie •• th.n that tor proc ••• a" .in~. a 
lara. fraction of the tot.l .ir flow. throuah l.ra' ar.a coolina ch.nnel •• 
Separ.ted aa. could hive. low.r power r.quir .... nt .inc. the proc •••• ir .nd 
coolina can be independ.ntly controll.d. 
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We.tin,hou.e ha. recently .Ide I .ore detailed .tudy of ,I' coolin,. 
Under DOl contrlct they developed I lu.ped per .. eter fuel cell .tlck 
.'.ull~ion code thlt cileulitt. relctant ,I' ca.po.ition, current-voltl,e 
chlrleteri.tic., Ind helt trln.fer chlrlcteri.tic. for I ,I.-cooled fuel 
cell .tlck. In the .odel, the cell Irftl i. broken down to I ,rid of finite 
.l .. ent •• 0 thlt power Ind h.at ,enerlt,on can be ell~ulated ., function. of 
t .. p.rature Ind ~ •• etlnt ca.po.ition, I. each vlrie. froa point to point in 
I cell. 
A •• entioned previou.ly. one of the .ajor drlwback. of ,1.-eoe1in, i. I 
hi,her totll different ill .tlck t .. perlture thin thlt of liquid coolin,. 
We.t inRhou .. hI. redeli,ned the , .. -coolin, pIaU. in In efforl to reduce 
the differentill t .. perlture. .e.ult. of the .i.ulltion .how th.t I 20~ , 
differentill t .. perlture cln be Ichieved with prop.r de.i,n. Thi. coae. 
clo.e to whit eln be Ichi.ved with liquid coolin,. 
ProlU. SUtu. 
The We.tin,hou.e prolrl. i. It the point where mo.t of the enlblin, 
eleetror-hemicil eoaponent technololY hi. be.n developed. Pr •• ently. the 
.lectroche.icil co.ponent. Ire bein, opti.iaed for co.t and life, bl.ic 
de.i,n Ind development Ire pro,re •• in, for other power pllnt roaponent •• Ind 
In initial .y.t .. deli,n dfort it cOilplete. The .o.t unique chlu·,:terhtic 
of the We.t in,houlft power plant i I thlt one of the relctant ,11Ie'. 'rather 
thIn I liquid, i. u.ed I. the .tlck coollnt. An !PRI-funded .tudy .howed 
DIGAS cool in, to be I fe .. ; "1 •• ethod of power pllnt cool inl, .n"t thlt the 
power pl.nt performlnee Mnd coolina loop co.t. were .Iti.flctory. However. 
We.tin,hou.e will u.e the .eparate ,Ie-cooling previou.ly de.cribed. 'or 
electrolyte manl, .. ent, In Icid repleni.hment .y.tem hi. been built into the 
fuel cell .tlck. Thi. IYltem will 1110 Iccommodlte Icid volume chln,e. due 
to differinl operltinl condition •• 
W.ltinahou.e. like UTe, plan. to operate the power pl.nt at .oderate 
pr •• ,ure. The curr.nt year's work will center on two are.l. The firlt will 
be to b.tt~r d~fin. th. pow.r pl.nt by developir ~ I conceptull de.ian, 
including trade-off .tudie., l.ading to a preliminary .pecificltion Ind I 
pro,r.m requirement. document. The other Irea of work. currently in pro-
ce •• , il to ev.lulte the en-lite fuel cell component., includin, coolin, 
.y.t .. , .t the hi,her temper.ture •• nd pre •• ure. under con.iderltion Ind to 
continue technolol), development I. required. 
ENGELHARD INDUSTRIES ON-SITE PROGRAM 
Ingelhlrd contract.d with DOE in 1976 to .tudy .everll fuel cell Ippli-
cation. and to d.vel~p fuel cell etack technololY' Their previou. experi-
~nce included building fuel celli for In Army lift truck development pro-
,rim, and building and m.rketinl "2/02 laboratorY-lize d .. on.trltion 
fuel celle. They .1.0 hive In Army-funded fuel cell developaent contrlct. 
Enlelhlrd hi. developed .tlck component ••• nd hI. defined Ittrlctive appli-
cations for the os/ns eYltem conceptull deliln effort. "he co.ponent 
development effort hll reaulted in leverd unique approlche. to fuel cell 
de.iln. One are. of innov.tion i. their bipol.r pllte, the device which 
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•• p.r.t ••• nd dir.ct. the llow ot r •• ct.nt •• nd provid ••• l.ctric.l .nd 
th.r.al conduction b.tv •• n ind~vidu.l c.ll.. th. conv.ntion.l bipol.r pl.t. 
h • ain.l. pi.c. of conductiY ... t.rial vith r •• ct.nt flov ch.nn.h (-ither 
.old.d or •• chin.d into .ith.r .id.. Ina.lh.rd' •• pproach i. to .plit the 
bipol.r pl.t. into thr •••• ction., .n iap.rvlou. c.nt.r •• ction for r •• ct.nt 
•• p.r.tion, vith .n op.n c.ll fo .... ction, vith Of vithout ch.nn.l., on 
.ith.r lid. (for r •• ct.nt (low). All I.ctionl .r ... d. fr~ gra.nic pre-
eurlor. th.t .r. ar.phiti •• d, th.n d.n.ilied. thi. prgc ••• i. v.ry co.p.ti-
bl. vith .... production .nd proai ••• cgn.id.r.bl. co.t •• vina' gv.r on.-
pi.c., bipol.r pl.t •• , vhich .u.t b. individu.lly .old.d or •• chin.d. 
Ina.lh.rd h ••• 1.0 d.v.lop.d • low COlt coolina pl.t. th.t can b ... d. ot 
conv.ntion.l .. t.ri.l •• nd f.bric.t.d u.in. conv.ntion.l furn.c. br •• ina 
t,chniqu... the cool.nt i •• di.l.ctric liquid. thil cool.r o(f.r. pot.n-
ti.l co.t r.duction ov.r oth.r liquid .na ebulli.nt liquia cool.r.. A ca.-
pl.t. S k~ pow.r pl.nt, incorpor.tina' •• th.nol r.for..r .nd • utility arid 
c~p.~lbl. pow.r proc ••• or, h •• b •• n built .nd t •• t.d. Acid •• n ..... nt 
c.p.bility th.t c.n .ccoaaod.t. volva. ch.na" ~\Irina tr.n.i.nt., •• v.ll •• 
acid .ddition •• n •• d.d, h •• b •• n incorpor.t.d. 
th. unique f •• turi. o( the Ina.lh.rd 08/115 .ffort curr.ntly .re in the 
followinR .r ••• : (11 d.v.lo,..nt of • fu.l condition.r th.t vill op.r.t. on 
•• th.nol ( •• thyl (uel). (2) nov.l bipol.r pl.t •• ppro.ch •••• 3) liquid 
int.rc.ll cool ina •• nd (4) •• triK Rnd .l.ctr,lyt. tr.n.port r ••• rvoir t.ch-
noloay. In the curr.nt two-y •• r contr.ct the .1.ctroc.t.ly.i. t •• k i •• 01.-
ly fund.d by InaelhArd. th.r.fore, tho det.il. of .ny unique el.ctro-
c.t.1y.t d.velo,.ent •• re propriet.ry. 
Pu.l Proc,"ina 
Heth.nol will b. initi.lly u.ed in the Inaelh.rd 05/115. (Th. fu.l 
cho.en for the UTe 05/116 proar.m w •• n.tur.l a".) Heth.nol .el~ctign 
w •• b •• ed upon it. projected .v.il.bility from co.l in the 1990 tiae tr •••• 
A S klt m.th.nol fuel procenor h •• been cOII.tructed. 
Bipolar Plat .. 
In the .t.ck .r •• , two nov.l bipol.~ .ppro.che •• pp •• r proai.ina. Und.r 
.ubcontr.ct, Pfiaer i. developina chemic.lly re.i.t.nt c.rbon (vitr,oul 
c.rbon .na/or ar.phit.) .tructur ••• t.rtina with reticul.t.d vitr.ou. c.r-
bon. or cloth.. On. of th •••• tructure., the .o-c.lle,~ B .la.nt, it ia-
p.ra •• bl. to all tran.port .nG will .erv ••• the bipol.l •• p .. rator pl.t. 
conn.ctina two .dj.c.nt cell.. 5 •• Fia. 6. (In the UTe rj~b.d .ub.tr.t. 
int'ar.l c.ll concept, thi. ia UTe' ••• p.r.tor pl.t •• ) ~he oth.r .tructur., 
the .o-c.lled A element, it porou. to permit tu" or oKidicer tran.port to 
the electrochemic.lly .ctive .lectrode .r ••• (which coula b. on the A .1.-
.enta). Guphit •• tructure., uaina Pfizer'" chemical v.por a.po.ition tech-
niqu •• , .re b.ina utili •• d to hel~ produce the requir.d prop.rti •• in both A 
.nd B .lement.. Th. r •• ultina bipol.r pl.te con.i.t. ot • B ele •• nt •• nd-
wiched betw.en two A .lement.. In .ddition, electrolyte .tor'a. c.n b. 
accommod.ted in the A el~~nt. 
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In tne .econd approach, thin .raphite plate. are .eparated by a ._.-
i.peraeable lal'er of a c~_ically ra.htant .aterial (auch a. Iraphite~ that 
pereit •• ati.factory electrical and the""al conductivity. Groove. In each 
plate will panait reactant tran.port. If the ,raphite plate. are porou. and 
conaected .uitably to the .atrix, they can provide an electrolyte re.ervoir 
for .atrix repleni.~ent or for overflow voluae. re.ultin, froa chanlinl 
condition. (volume tolerance). Several premi.in, .. terial co.bination. are 
undar te.t. The In.alherd bipolar plate approach ha •• oae a.pact. in co.mon 
with the UTC ribbed .ub.trate inte.ral cell appl' 'che. previou.ly di.cu •• ed. 
Intercell Coolina 
A brief dhcullion of the liquid intercan cool ... , approach ... ployin, a 
dielectri~ fluid, the En.elhard method, wa. pre.ented previou.ly in connec-
tion with the We.tinahou.e/lkC coolina approach. The Inl.lhard d •• i,n .ake. 
u.e of baffle. to provide aood heat tran.ter control yet i. da.ianed for 
ea.a of fabrication. The protection of the aluminum cooler, .0 it will hold 
up for the tive ye.r .t.ck lif~ ao.l under the corro.ive acid environ •• nt of 
the fuel cell .tack, i. believed to be .olved with .uitable •• al.. A .econa 
(b.ck-up) de. ian beina developed incorpor.te. a cheaically re.i.t.nt fluiu 
tran'port member. 
Matrix 
--
The m.trix effort emphuize. m.terial.- capable of 0pllutina at temp.ra-
ture. up to 400· i, and con.t~uction that re.ulte in 1000 etectrical and 
therm.l conductivity, aood tr.~.port (flow) propertie., and .ati.factor.y 
react.nt cro •• over re.i.t.nce. A thin SiC-fluoroc.rbon matrix that in-
corpor.te. aood electrolyte tr.n.port i. l.mi~ated to each electrode. 
Electrolyte han'lem~nt 
An acid repleni.hment Iy.tem h •• been built into the .tack. Acid volume 
ch.nges are .1.0 handled by thi •• ytem. 
ADVANCED RESEARCH AND TECHNOLOGY 
The current focu. i. on improving th~ air electrode (cath~~~) .peciti-
cally fA''; th it •• upported platinum or pl.tinum alloy oxaen-reduction 
c.talya;t:, vhere mo.t of tha fuel cell'. inefficiency li... Improved 
cat.ly.is will re~ult in lower capital co.t., lower oper.ting co.t., or a 
combination thereof, by b.lancing higher efficiency, hiaher power den.ity, 
lower operatina temperature. (lonser life) and cataly.t co.t.. Lower tem-
perature operation could be de.irable in order to lower materi.l. co.t. and 
tn increa.e cell life. Another goal i. to find a .uitable, le •• expen.ive 
relacement for the platinum (Pt) cataly.t material. 
In 1981. DOE-.pon.ored re.earch ha. been concerned with: 
1. Developing a mor~ stable supported cathode cataly.t. 
2, Developing 8 more active supported platinum-ba.ed cathode cataly.t. 
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~ 3. 
4. 
S. 
b. 
7. 
Deyelopin. a .ore .ctlye Ind .ore i.purity-re.i.tant anode cataly.t. 
Dey.lopina • nav non-pl.t inUII cathod. c.lalYlt. 
Det .... i"inl the aU.ch ot I"od. i.purit i ... 
Inya~t ia.t ina accelar.ted •• i"a te.U .nd .hort U ...... nl of 
det .... i~i"" 10nl t .... It.bB ity. 
IYalu.tina noyel .lectrolyte~. 
Ho.t at thia n ... rch La beinl conducted either by ••• 11 pdYate cOMpani.l, 
or at loy.rn.ent or nat ion.l l.bontori... 1n addit ion, in the cc.pl.en-
tary EPR1-.pon.ored prolra. alternlte acid electrolyte. Mle under 
(nyut igat ion. 
CONCLUDING RlMARkS 
All ,'Irt 01 the nIt ion '. emeray prolum, three m.jor contractor or con-
tractor t"ama (UTC, ~eatinghou.e/KRC, .nd Kna~lhard), actlYO in the terro.-
trial pho.phoric .dd luei cell Held, ue receiYi"l aoyern.ent lupport to 
deyelop c\lmm ... rcill luel c.,ll power "lInt .y.tema. loth Ul'C and ~/ikC are 
vorkinl toward comlUcrcialilina lucl c(lll power pl.nt. for electric utility 
appliclt ion.. lITC and [nl"lhud Irt' Iddft' .. ina the OS/LES prolum. 
While a imilar in mfmy rnp.ctl, lliani ticAnt t@chn()l()aical And .Ylt •• 
di t hrence. exitt .mona the thre.., contncton. Th.l. inc lude i"tereeU 
coolina, bipol.r/I.par.tor plate, electrolyte m.nalement, mat.riall cf con-
Itruetion, tu.l .election, .nd 8yatem dellian philolophy. Pho'phoric acid 
fuel cell techno10gy/developmont etlol·ta lor both the electric utility and 
OS/1ES .pplication. are direct..,d toward I'educinl co.t and inerea.inll 
reli.blity. Th .. , longstanding banier to th .... tt.inment at th ... loah, 
which manilt-.tlt it.ell in • numbt'l' ol w.y., h4. b""n material •• 
In addition, tor th~ electric utility app11cation, UTC and ~e.tinlhou •• 
...... pU .... uinll higl\t~r tt'tnpl'uturc And Pfl!'lUtllfl' op" .. ation. The initial perfor-
,,"mCI' KAlll1l d\l~ to highe .. t ... mp ...... tul'(· .nd pt'e'lure mu.l be bal.nced a •• inlt 
po •• ibl~ .hort~ .. lil~ all w.11 a. th~ tONt and p~rtormanc~ impliCAtion. upon 
till' balance ol the .yslem. 
13 
TABLE 1. - COMPARISON OF CooLINC SCHEMES FOR PHOSPHORIC ACID FUEl. CELL sYSTltoI 
- DIGAS or .aparata Procell-a" Liquid 
a" cuolin& coolina coolina 
~-
1. Con.truction .implicity Simple Simple COIIIIpiu 
2. Electrolyte lOll Low Hiah Low 
3. Reliability Hiah Hiah Low 
4. External heat exchanae \ Fair Fair Cood 
5. co.t of cool ins .ub.y.tem, 1 Hack co.t 5 5 25-50 
6. Total difftrential temp. ·F 20 60 20 
Tcell in .tacking direction ·F 10 0 15 
Tcell in flow direction ·F 10 60 5 
7. Total auxiliary power req't., 1 2 5 1 
StJC!. auxiliary power req't.., 1 0.5 3 0.5 
B.l.nee of ay.tem auxiliary power req't., % 1.5 2 .5 
8. Pre •• ure drop aero •• cell, in. H2O .4 3.5 .4 
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